Introduction and hypothesis This study was conducted to investigate the urethral compensatory mechanisms to maintain urinary continence after pudendal nerve injury. Methods In naive, acute pudendal nerve transection (PNT) and 4 weeks after PNT (PNT-4w) female rats, leak point pressures (LPPs) during bladder compression were measured before and after the application of hexamethonium (C6), propranolol, and N ω -nitro-L-arginine-methyl ester (L-NAME), or terazosin and atropine. Responses to carbachol and phenylephrine of proximal and middle urethral muscle strips from naive and PNT-4w rats were also examined. Results LPPs were significantly decreased in PNT rats but not in PNT-4w rats. LPPs in PNT rats were significantly increased by C6 or L-NAME while LPPs in PNT-4w rats were significantly decreased by C6, or terazosin and atropine. Excitatory responses to carbachol and phenylephrine in the proximal urethral muscle were significantly larger in PNT-4w rats. Conclusions These results suggest that α 1 -adrenoceptor and muscarinic receptor-mediated contractility is upregulated in the proximal urethra 4 weeks after PNT.
Introduction
Over 200 million people worldwide have urinary incontinence [1] . It has been reported that the prevalence of urinary incontinence in women increases during young adult life (20% to 30%), reaches a broad peak around middle age (30% to 40%), and then steadily increases in the elderly (30% to 50%) [2] . In all age groups, stress urinary incontinence (SUI) is the most common (49%) followed by mixed incontinence (29%) and pure urge incontinence (21%) [3] . Risk factors for female SUI include parity, aging, and obesity, as well as parturition-associated injuries to muscles, connective tissues, and nerves.
SUI after childbirth is common as approximately 30% of mothers become urinary incontinent after their first vaginal delivery; however, it is usually short-lasting and spontaneously disappears in most women [4] . On the other hand, damage of pelvic floor nerves and musculature induced by pregnancy or parturition seems to continue for a lifetime in women. It has been reported that a prolonged pudendal motor terminal latency to the external anal sphincter occurred in women 2 days postpartum, and this prolonged latency was present when the women were re-investigated after 5 years despite the recovery from SUI 2 months postpartum [5] . In other reports, more pronounced pudendal nerve injury induced by pregnancy or childbirth was found in women with SUI than in those who were continent [6, 7] . Women with SUI also exhibited an age-dependent decline in maximum vaginal surface electromyogram activity, which was not seen in healthy women of the same age group with comparable parity [8] . Taken together, it is possible that age-dependent deterioration of pelvic floor neuromuscular function might be involved in overt SUI after a symptom-free period in women who have given birth to their children 10 to 30 years earlier. However, an etiologically based explanation for the delay from the time of pregnancy or childbirth to the appearance of SUI in middle age has not been provided.
The urethra consists of three smooth muscle layers which are the inner and outer longitudinal layers and the middle circular layer, as well as the striated muscle layer comprising the external urethral sphincter (EUS) located at the middle urethra [9] . These urethral muscles are controlled by three sets of peripheral nerves: sacral parasympathetic nerves (the pelvic nerves) and thoracolumbar sympathetic nerves (the hypogastric nerves) innervating urethral smooth muscles and sacral somatic nerves (the pudendal nerves) innervating urethral striated muscles including the EUS and pelvic floor muscles. The pudendal nerves and pelvic nerves also carry postganglionic axons from caudal sympathetic chain ganglia, indicating that both somatic nerves and sympathetic nerves could be damaged by pudendal nerve injury after childbirth [10] . Urethral closure mechanisms under stress conditions consist of passive mechanisms involving connective tissues, fascia, and/or ligaments in the pelvis and active mechanisms mediated by these three sets of nerves. We have previously reported that active urethral closure during intravesical pressure elevation involves both smooth and striated muscle contractions and is mediated by the hypogastric, pelvic, and pudendal nerves [11] .
It is well known that α 1 -adrenoceptor (AR) is a predominant receptor to increase urethral pressure during activation of the hypogastric nerves and nerves from sympathetic chain ganglia [10, [12] [13] [14] . The activation of muscarinic receptors (MRs) mediated by the pelvic nerves also can induce urethral pressure elevation [15] . On the other hand, nitric oxide (NO) seems to be a predominant neurotransmitter to produce urethral smooth muscle relaxation during micturition [10, 16] . The activation of β-ARs mediated by the hypogastric nerves and nerves from sympathetic chain ganglia also can decrease urethral pressure [17] . However, there are no previous reports regarding the involvement of NO release and β-AR activation in urinary continence mechanisms.
These findings led us to the hypothesis that urethral smooth muscle contraction mediated by autonomic nerves (the pelvic and hypogastric nerves) might compensate urethral sphincter deficiency induced by pudendal nerve injury to maintain urinary continence, which might contribute to the symptom-free period before the appearance of SUI. Thus, to clarify the urethral compensatory mechanisms after pudendal nerve injury, acute and chronic nonparous female SUI rats with bilateral pudendal nerve transection were examined using leak point pressure (LPP) measurements during bladder compression and urethral muscle strip studies. Changes in LPPs with or without hexamethonium (C6) application were also investigated to determine the autonomic nerve-sensitive components in LPP in response to bladder compression. It is assumed that the administration of C6 can block ganglionic transmission of the sympathetic and parasympathetic efferent pathways contained in the hypogastric and pelvic nerves including nerves from sympathetic chain ganglia. According to the results of C6 administration, in which LPP is either decreased or increased, we tested the effects of an α 1 -AR antagonist and a MR antagonist, or a β-AR antagonist and a NO synthase (NOS) inhibitor, respectively, to identify the excitatory or inhibitory transmitters involved in autonomic nerve-mediated urethral responses.
Materials and methods

Animal preparation
Forty-six nonparous female Sprague-Dawley rats (12-14 weeks old) weighing 250-280 g were used. To examine LPP, 30 rats were divided into three groups of naive (n=6), acute pudendal nerve transection (acute PNT; n=12), and 4 weeks after PNT (PNT-4w; n=12) rats. We used PNT-4w rats to investigate the urethral compensatory mechanisms because the changes in LPPs with or without chemical autonomic nerve blockade were more consistent in PNT-4w rats compared with rats 2 weeks after PNT in our preliminary experiments. The remaining 16 rats were divided into naive (n=8) and PNT-4w (n=8) groups and used for the urethral muscle strip study because the contractile properties of urethral muscle strips in acute PNT rats were similar to those in naive rats in our preliminary experiments. All experiments were conducted in accordance with institutional guidelines and approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Pudendal nerve transection
Under isoflurane (Hospira, Lake Forest, IL, USA) anesthesia, the pudendal nerves were transected bilaterally near the internal iliac vessels through a lower midline abdominal incision [18] in 32 rats. An approximately 3-mm segment of the nerves was removed to prevent nerve regeneration. Twenty PNT-4w rats that underwent LPP testing (n=12) or urethral muscle strip study (n=8) were treated for 3 days postoperatively with subcutaneous (s.c.) injection of ampicillin (100 mg/kg, Fort Dodge, IA, USA) and buprenorphine (0.5 mg/kg, Reckitt Benckiser, Richmond, VA, USA).
Leak point pressure measurement
Under isoflurane anesthesia, the spinal cord was transected at the T8-9 level after laminectomy to eliminate reflex voiding mediated by spino-bulbo-spinal pathways passing through a micturition center in the pons. This manipulation does not interfere with urethral continence reflexes which are predominantly organized in the lumbosacral spinal cord [15] . After the bladder was exposed through a lower midline abdominal incision, a polyethylene (PE)-50 catheter (Clay Adams, Parsippany, NJ, USA) was inserted into the bladder through the bladder dome to monitor intravesical pressure, and a PE-10 catheter was implanted into the right jugular vein to inject test drugs. Feces were removed from the distal colon through a small incision in the colon wall. After the surgery, isoflurane anesthesia was turned off and replaced with urethane (Sigma, St. Louis, MO, USA) anesthesia (1.2 g/kg, s.c.). The animals were placed in the supine position without suturing the lower abdominal wall. The bladder catheter was connected to a pressure transducer (Transbridge 4M, World Precision Instruments, Sarasota, FL, USA) and a syringe pump (Harvard Apparatus, Holliston, MA, USA) via a three-way stopcock. Saline solution (0.4 ml) containing Evans blue (100 μg/ml, Sigma) was infused into the bladder at 0.02 ml per minute. A gentle pressure was then manually applied to the bladder wall while the intravesical pressure was monitored using a data acquisition software (sampling at 10 Hz, Chart, ADInstruments, Castle Hill, NSW, Australia) on a computer system equipped with an analog-to-digital converter (PowerLab, ADInstruments). We directly manually compressed the bladder wall because lower abdominal wall compression might stimulate abdominal wall muscles and/or the colon to induce spinal reflexes other than the bladder-to-urethral reflex. The gentle pressure was slowly applied for about 10 s until fluid leakage occurred from the urethral orifice and then immediately removed (Fig. 1) . The pressure at which leakage occurred was regarded as LPP, and the average of three to five consecutive LPPs was taken as a data point. The leaked fluid around the urethral orifice was removed after each leakage. In naive (n=6), acute PNT (n=6), and PNT-4w rats (n=6), LPPs were measured before and after the intravenous (i.v.) application of C6 (25 mg/kg, Sigma). In other acute PNT rats (n=6), to identify the neurotransmitters responsible for the C6-sensitive portion of LPPs, the changes in LPPs were examined following the consecutive i.v. application of propranolol (1 mg/kg, Sigma), a β-AR antagonist; N ω -nitro-L-arginine-methyl ester (L-NAME; 20 mg/kg, Sigma), a NOS inhibitor; and C6 (25 mg/kg) at 10-min intervals. Furthermore, in other PNT-4w rats (n=6), the changes in LPPs were examined following the consecutive i.v. application of terazosin (0.3 mg/kg, Tocris Cookson, Ellisville, MO, USA), an α 1 -AR antagonist; atropine (0.5 mg/kg, Sigma), a MR antagonist; and C6 (25 mg/kg) at 10-min intervals. All the measurements of LPPs were performed within 10 min after drug administration. All test drugs were dissolved in saline solution and administered i.v. in 0.5-ml/kg volume followed by a flush of 0.1-ml saline solution. Drug concentrations were selected based on previous studies [15, [19] [20] [21] and our preliminary experiments. Experiment 2: changes in proximal and middle urethral contractile responses of muscle strips in naive and PNT-4w rats
The proximal and middle urethra of naive (n=8) and PNT4w (n = 8) female rats were used because we have previously reported that urethral contractile responses to intravesical pressure elevation were more remarkable in the proximal and middle urethra compared with the distal urethra in female rats [11] . Transverse muscle strips (1.5×4 mm) of the proximal and middle urethra were prepared in a cold Krebs-Henseleit (K-H) solution composed of 118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 25 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , and 10 mM glucose. The muscle strips were then suspended in a 30-ml organ bath filled with K-H solution at 37°C and gassed with a 95% O 2 and 5% CO 2 mixture. Each strip was adjusted to a tension of 0.5 g and then allowed to equilibrate for at least 60 min [19] . The final resting tension was 0. indicating that activation of autonomic nerves induces relaxing responses to bladder compression in urethral smooth muscle in acute PNT rats. In addition, post-C6 LPPs in acute PNT rats were significantly lower than those in naive rats (p<0.05) (Fig. 2) . In other acute PNT rats, LPPs were not changed by propranolol compared with the predrug values, but were significantly increased by L-NAME compared with the post-propranolol values (p<0.01). The post-L-NAME LPPs were not altered by C6 (Fig. 3a) . These results indicate that, in acute PNT rats, autonomic nervemediated urethral relaxation during bladder compression is induced by NO.
On the other hand, LPPs in PNT-4w rats were equal to those in naive rats but significantly higher than those in acute PNT rats (p<0.01). After C6 application, LPPs in PNT-4w rats were, however, significantly decreased from 85.1±4.9 (range 70.9-100.7) to 61.0±3.2 (range 53.5-75.0) cmH 2 O (p < 0.05), indicating that activation of autonomic nerves induces contractile responses to bladder compression in urethral smooth muscle in PNT-4w rats. Furthermore, the post-C6 LPPs in PNT-4w rats were significantly lower than those in naive rats (p<0.01) and in acute PNT rats (p<0.01) (Fig. 2) . In other PNT-4w rats, LPPs were significantly decreased by the application of terazosin compared with the predrug value (p<0.01) and atropine compared with the post-terazosin value (p<0.01). The post-atropine LPPs were not altered by C6 (Fig. 3b) . These results indicate that, in PNT-4w rats, autonomic nerve-mediated urethral contraction during bladder compression is induced by α 1 -AR and MR activation.
Experiment 2: changes in the contractile responses of proximal and middle urethral muscle strips
The urethral contractile responses to muscarinic and adrenergic agonists were expressed as a percentage of the response induced by 80 mM KCl. When compared to the responses in tissues from naive rats, the contractile responses to low concentrations of carbachol in PNT-4w rats were significantly increased in the proximal urethra (p<0.01 and p<0.05) (Fig. 4a) but not altered at the middle urethra. The contractile responses to low concentrations of phenylephrine in PNT-4w rats were also significantly increased in the proximal urethra (p<0.05) (Fig. 4b) but not altered at the middle urethra. The EC 50 values of Fig. 2 Comparison of leak point pressures (LPPs) before and after hexamethonium (C6) application in naive, acute pudendal nerve transection (acute PNT), and 4 weeks after PNT (PNT-4w) female rats. LPPs in acute PNT rats were significantly lower than LPPs in naive rats, whereas LPPs in PNT-4w rats were equal to those in naive rats but significantly higher than those in acute PNT rats. After C6 administration, LPPs in naive rats were not changed while LPPs in acute PNT and PNT-4w rats were significantly increased and decreased, respectively. Furthermore, the post-C6 LPPs in PNT-4w rats were significantly lower compared with those in naive and acute PNT rats. *p<0.05, **p<0.01, N.S. not significant proximal and middle urethra in naive and PNT-4w rats are shown in Table 1 . EC 50 values of the proximal urethra in responses to carbachol and phenylephrine in PNT-4w rats were significantly lower than those in naive rats (p<0.01 and p<0.05, respectively). However, there were no significant differences in EC 50 values of the middle urethra between PNT-4w and naive rats.
Discussion
This study used measurements of LPP, acute transection of the pudendal nerves, and administration of drugs that block neurotransmitter receptors to examine spinal somatic and autonomic reflex mechanisms contributing to urinary continence during bladder compression. Changes in these mechanisms after chronic (4 weeks) transection of the pudendal nerves were also studied. The experiments have revealed that manual compression of the bladder stimulates afferent nerves that in turn activate lumbosacral reflex pathways controlling LPP. With these methods, it is not possible to identify the relative contribution of the urethra and the bladder neck to the LPP measurements; however, it is clear that autonomic regulation of smooth muscle is an important component of the spinal reflex control of LPP.
Our results in spinal cord-transected, urethaneanesthetized female rats indicate that: (1) urethral striated muscles are involved in urethral continence reflex during bladder compression because after blocking autonomic pathways with C6 LPPs are lower in acute PNT rats than in naive rats; (2) NO induces urethral smooth muscle relaxation during bladder compression because L-NAME increased LPPs in acute PNT rats; (3) in PNT-4w rats, LPPs during bladder compression are elevated to the level measured in naive rats due to an increase in the α 1 -AR and MR-mediated contractile responses of urethral smooth muscles; and (4) the sensitivity of α 1 -ARs and MRs in the proximal, but not middle urethra is enhanced in PNT-4w Fig. 3 Changes in leak point pressures (LPPs) after serial application of chemical autonomic efferent nerve blockade in acute pudendal nerve transection (acute PNT) and 4 weeks after PNT (PNT-4w) female rats. a Changes in LPPs after serial application of propranolol (Pro), N ω -nitro-L-arginine-methyl ester (L-NAME), and hexamethonium (C6) in acute PNT rats. LPPs were not changed by propranolol compared with the predrug values, but were significantly increased by L-NAME compared with the post-propranolol values. The post-L-NAME LPPs were not altered by C6. b Changes in LPPs after serial application of terazosin (Ter), atropine (Atr), and C6 in PNT-4w rats. LPPs were significantly decreased by the application of terazosin compared with the predrug values and atropine compared with the post-terazosin values. The postatropine LPPs were not altered by C6. **p<0.01, N.S. not significant Fig. 4 Comparison of proximal urethral muscle contractile responses to carbachol and phenylephrine in naive and 4 weeks after pudendal nerve transection (PNT-4w) female rats. Note that the response curves of carbachol (a) and phenylephrine (b) in PNT-4w rats were shifted to the left compared with naive rats. Contractile responses are expressed as a percent of the responses to 80 mM KCl. *p<0.05, **p<0.01 rats. Thus, it appears that, 4 weeks after PNT, urethral continence mechanisms are dramatically altered in response to somatic nerve and sympathetic nerve denervation of urethral striated and smooth muscles which occurs after transecting the pudendal nerves. The major change is a switch from NO-mediated relaxation to α 1 -AR and MRmediated contraction of proximal urethral smooth muscles.
In this study, we found that C6 application increased LPPs during bladder compression after acute PNT, indicating that bladder compression induces autonomic nerve-mediated urethral relaxation. Since L-NAME, but not propranolol, mimics the effect of C6 on LPPs, NO-mediated urethral smooth muscle relaxation seems to be responsible for the C6-sensitive component of LPPs in acute PNT rats (Fig. 5b) . NO is a predominant neurotransmitter to induce urethral relaxation during micturition in female rats [10, 16] . In the major pelvic ganglia (MPG), which receive preganglionic inputs from the hypogastric and pelvic efferent nerves, all NOS-positive cells are stained for choline acetyltransferase [22] , suggesting that NO is released from parasympathetic postganglionic nerves originating from the MPG [23] . It has also been reported that electrical stimulation of the hypogastric nerves decreases intraurethral pressure and that this relaxing response is mediated by NO in female rats [24] . Thus, it is assumed that NO released from parasympathetic and sympathetic nerves carried through the pelvic and hypogastric nerves, respectively, induces urethral smooth muscle relaxation during bladder compression in acute PNT rats, which is blocked by L-NAME or C6 (Figs. 3a and 5b) .
In addition, because LPPs in naive rats were not altered by C6 application in this study, NO-mediated urethral relaxation seen in acute PNT rats seems to be negated by activation of the pudendal nerves in the normal condition (Fig. 5a ). Since the pudendal nerves contain not only somatic nerves, but also postganglionic axons from caudal sympathetic chain ganglia [10] , urethral smooth muscle contraction induced by sympathetic nerve activation in the pudendal nerves might offset NO-mediated urethral smooth muscle relaxation during bladder compression, resulting in no apparent effects of C6 on LPPs in naive rats (Fig. 5a ). Further studies are needed to clarify this point.
The most interesting finding of this study is that the urethral smooth muscle response during bladder compression changed from NO-mediated relaxation to α 1 -AR and MR-mediated contraction which restored LPPs to a normal level 4 weeks after PNT (Fig. 5c) . It has been reported that Fig. 5 Hypothetical scheme of the urethral closure mechanisms to maintain urinary continence in female rats. a In the normal state (naive), leak point pressure (LPP) during bladder compression is maintained positively by the pudendal nerves (Pud-N), which contain somatic (Som) and sympathetic (Sym) nerves, and negatively by sympathetic (Sym) and parasympathetic (Para) nerves in the hypogastric (Hg-N) and pelvic nerves (Pel-N), respectively, both of which release NO to induce urethral smooth muscle relaxation. Since the removal of autonomic nerve activity by hexamethonium (C6) did not alter LPPs in naive rats, activation of sympathetic nerves in the pudendal nerves is assumed to offset the NO-mediated smooth muscle relaxation. The + and − signs indicate the contractile and relaxing effects on LPP, respectively. b After acute pelvic nerve transection (acute PNT), the excitatory inputs from the pudendal nerves are lost, resulting in the lowered LPP (LPP↓). NO released from sympathetic (Sym) and parasympathetic (Para) nerves in the hypogastric (Hg-N) and pelvic nerves (Pel-N), respectively, induces urethral smooth muscle relaxation during bladder compression, which is antagonized by C6 or L-NAME application. c Four weeks after PNT (PNT-4w), activation of sympathetic (Sym) and parasympathetic (Para) nerves in the hypogastric (Hg-N) and pelvic nerves (Pel-N) induces urethral smooth muscle contraction via α 1 -adrenoceptors (α 1 -AR) and muscarinic receptors (MR), respectively. These urethral smooth muscle contractile responses compensate urethral sphincter deficiency induced by PNT, thereby normalizing the LPP the percentage of urethral striated muscle volume is significantly decreased 2 weeks after PNT, but the percentage of urethral smooth muscle volume is not altered [25] . Thus, urethral smooth muscles in PNT-4w rats might compensate for the deficient urethral sphincter function by the activation of α 1 -ARs and MRs to maintain urinary continence during bladder compression (Fig. 5c) . Similar changes have been reported in the α 1 -AR-mediated urethral smooth muscle response of aged parous female dogs where intraurethral pressure in the aged dogs was significantly increased by α 1 -AR agonists at the proximal, but not middle urethra compared with young nonparous dogs [26] .
To clarify the urethral compensatory mechanisms that might maintain urinary continence after childbirth, a SUI animal model induced by PNT was used in this study. Pudendal nerve crush which has also been used as a SUI model in female rats [27] [28] [29] produces the lowest LPPs (tested by abdominal wall compression) at 4 days after injury, and then the LPPs gradually recover with increasing time after the crush even though only about 50% of the crushed pudendal nerves are regenerated 3 months after injury. These findings might also suggest that the urethral compensatory changes to enhance urethral smooth muscle activity could occur after pudendal nerve injury to maintain urinary continence during Valsalva-like stress conditions. On the other hand, we have previously reported that LPPs in PNT-4w female rats were significantly decreased compared with LPPs in sham-operated rats [30, 31] . Because LPPs in the latter experiments were measured in the vertical position and evoked by saline infusion into the bladder, the deficient urethral striated muscle function may have been more prominent than in the present experiments.
In conclusion, this study has demonstrated urethral compensatory mechanisms after pudendal nerve injury in female rats. To compensate for the deficient striated muscle function induced by pudendal nerve injury, urethral smooth muscle activity in the proximal urethra seems to be enhanced by switching from the NO-mediated relaxation to the α 1 -AR and MR-mediated contractile responses 4 weeks after injury. These compensatory mechanisms could contribute to the temporal recovery of urinary continence seen in patients with SUI after childbirth.
